Samples made of tungsten (W) doped either with titanium carbide (W-1.1TiC) or tantalum carbide (W-3.3TaC) were exposed to a low-energy ( 
Introduction
Tungsten (W) will be used as a plasma-facing material (PFM) in the divertor region in ITER, and its use in future fusion devices is also very likely [1, 2] . The use of W as a PFM is attractive due to its high melting temperature, high sputtering threshold, high thermal conductivity, and relatively low long-term activation after neutron irradiation. At the same time, one of the critical problems of W is related to its poor thermo-mechanical properties, such as high ductile-to-brittle transition temperature, rather poor thermal shock resistance, and embrittlement after recrystallization and irradiation (by neutrons and ions) [1] . Therefore presently many efforts are spent on development of advanced W-based materials with improved thermo-mechanical properties. Among these toughened, fine-grained, recrystallized (TFGR) W-based materials doped either with titanium carbide (TiC) or tantalum carbide (TaC) developed at Tohoku University (Japan) are quite promising because of their improved ductility at low temperatures, enhanced resistance against radiation-induced embrittlement, and improved thermal shock resistance [3, 4] . However, it was shown that deuterium (D) accumulation in these materials is higher compared to that in pure polycrystalline W at temperatures above 573 K [5] [6] [7] [8] [9] . In particular, the previous experimental results suggested that D trapping inside the carbide precipitates can be essential at high temperatures ( 800 K), especially in TiC doped W [9] . It was proposed that at high temperatures the concentration of D trapped in the carbide precipitates should increase with increasing concentration of solute D during the plasma exposure (i.e. with incident ion flux). Consequently, relatively high concentrations of retained D in doped W materials might be expected under a high-flux plasma exposure at high temperatures.
In ITER and next-step fusion devices the divertor plates will be subjected to high fluxes (up to 10 24 ions/m 2 s) of low-energy (several tens of eV) hydrogen isotopes. The stationary surface temperature will strongly vary along the divertor target in ITER (in the range of 450-1400 K), and can reach even higher values during transient events like Edge Localized Modes (ELMs) and disruptions [2] . Thus, it is essential to investigate experimentally the trapping effects in doped W materials under divertor-relevant particle fluxes and in a wide range of temperatures. dimensions in the range of 0.05-1 m, which were located both inside the W grains and at the grain boundaries [7] . Further details about the manufacturing of the samples as well as about their microstructure can be found elsewhere [3, 4] . In addition, samples made of hot-rolled pure polycrystalline W with dimensions of 10×10×0.8 mm 3 and purity of 99.97 wt.% manufactured by PLANSEE (Austria) were used as a reference material. Those samples had flattened grains elongated parallel to the surface with a length up to a few µm and a thickness up to 1 m (perpendicular to the surface) [10] . All the samples were polished to a mirror-like finish and then annealed in vacuum at 1173 K for 2 hours to remove residual hydrogen and relieve stresses.
Deuterium plasma exposure
The samples were exposed to a pure D plasma in the linear plasma generator Pilot-PSI (DIFFER, The Netherlands) [11, 12] . The base pressure in the vacuum chamber was about The surface temperature in the sample centre during the plasma exposure was monitored by a multi-wavelength infrared (IR) pyrometer (FAR associates FMPI). The pyrometer measured the thermal emission spectrum from the surface area (diameter about 1 mm) in the wavelength range of 0.9-1.7 μm and fitted it to Planck's radiation law in real-time in order to yield the surface temperature. This allowed an accurate temperature determination without prior knowledge of the material spectral emissivity even for non-grey sources, i.e. when emissivity depends on the wavelength, which is the case for W [13] . The accuracy of the temperature measurement reported by the pyrometer was always within 7 K. The lateral distribution of the surface temperature of the target during the plasma exposure was determined by IR thermography using a fast camera (FLIR SC7500-MB) measuring in the mid-wave IR range of 3.55 μm. The results of the IR thermography are dependent on the knowledge of the spectral emissivity of the surface, which depends strongly on the surface finish and also on the surface temperature itself. The emissivity of W-1.1TiC and W-3.3TaC is unknown and can differ from that of pure W. Therefore during processing of the raw IR data the emissivity of each sample was adjusted in a way that the surface temperature in the sample centre matched that measured by the pyrometer. The surface temperature distributions were then obtained under the following assumptions: 1. all area of interest had the same known background temperature; 2. the IR background signal did not change during the measurement; 3. the emissivity is independent of the surface temperature.
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The plasma exposures were carried out at temperatures in the centres of the samples of about 800 K, 1050 K, and 1250 K. The temporal evolution of the temperatures in the centres of all the specimens measured by the pyrometer is plotted in Fig. 1 
2.3.
Sample analyses D depth distributions in the samples up to a depth of 7 m were measured using D( 3 He,p)α nuclear reaction analysis (NRA) at the 3 MV tandem accelerator (IPP, Garching) about six months after the plasma exposures. Eight different 3 He energies varying from 0.5 MeV to 4.5 MeV were used in order to obtain information from different sample depths [15] . Energy spectra of both protons and α particles were transformed into D concentration profiles using the NRADC programme [16] together with SIMNRA [17] . The accumulated charge of 3 He ions for 8 each sample at each energy was in the range of 30-50 C, resulting in the minimal detectable D concentration of a few times 10 −6 atomic fractions (at. fr.).
Thermal desorption spectra (TDS) were measured in the TESS installation (IPP, Garching)
[18] about eighteen months after the plasma exposures. The samples were placed in a quartz tube and heated by radiation from an external furnace up to a temperature of 1280 K at a background pressure below 10 -6 Pa. The furnace was linearly heated with a rate of 0.25 K/s. The real sample temperature versus the measured oven temperature was calibrated in an independent experiment by a thermocouple spot-welded to the sample. At the beginning of the temperature ramp the heating rate was nonlinear up to 800 K (see Fig. 4 ). The release of 12 masses was monitored by a quadrupole mass spectrometer (QMS). In order to determine the total amount of retained D, the QMS signal for mass 4 (D 2 ) was calibrated using a calibrated leak. The relative QMS sensitivities for masses 3 (HD) and 4 were determined by using the procedures described in [19] . The total D inventory was then calculated as the sum of the D 2 and HD contributions. In order to roughly estimate the contribution of heavy water, the relative QMS sensitivities of D 2 O to D 2 and of HDO to HD were assumed to be the same as that of H 2 O to H 2 , which was taken from [20] .
The surface morphology of the samples after the plasma exposures was investigated in a scanning electron microscope (SEM) FEI HELIOS NanoLab 600 (IPP, Garching). Examination of all the exposed specimens did not indicate the presence of any apparent deposited impurity layers or particles. In addition, the analysis of the surface area of W-1.1TiC and W-3.3TaC
samples exposed at about 800 K by energy-dispersive X-ray spectroscopy (EDX) with 15 keV incident electrons revealed the presence of only oxygen and carbon impurities, and the EDX spectra of the plasma-exposed and unexposed samples were almost identical. Furthermore, the analysis of all the plasma-exposed pure W samples (which intrinsically have a low amount of carbon) using the 12 C( 3 He,p 0,1,2 ) 14 N nuclear reactions with 4.5 MeV 3 He ions demonstrated that the amount of carbon on the surface was close to 10 20 C/m 2 , i.e. very similar to that on W samples that were not exposed to plasma. Thus, it can be concluded that a few nm thick carbonand oxygen-containing layers were present on the targets due to their exposure to air.
After the TDS analyses four samples were additionally investigated with X-ray photoelectron spectroscopy (XPS) in a PHI 5600 ESCA system using a non-monochromatic Al K  X-ray source. Apart from the carbon and oxygen impurities, the presence of silicon on the surfaces was also detected, but its concentration was moderate (< 10%) and it cannot be excluded that the silicon contamination was introduced during the TDS measurements (since the samples were heated in a quartz tube). Overall, the amount of impurities on the exposed surfaces was quite small, thus, their presence should have little influence on the measured D retention.
The samples were always stored in between different analyses in a vacuum desiccator since the prolonged contact of the exposed samples with air can result in large fractions of D released as heavy water during TDS measurements, which complicates the interpretation of the experimental results [21] . high-flux plasma exposure was more than an order of magnitude higher compared to that after the low-flux plasma exposure, and was also about two times higher compared to that after the exposure to D 2 gas. In W-3.3TaC the D bulk concentration after the high-flux plasma exposure was more than an order of magnitude higher compared to those both after the low-flux plasma exposure and the D 2 gas exposure (not shown). In pure polycrystalline W exposed at the same temperature the D concentration was considerable only in a shallow sub-surface layer (≤ 1 µm);
Results
the D concentration at larger depths was low ( 10 -5 at. fr.) and was not measured in the present experiments.
In W-3.3TaC and pure polycrystalline W samples exposed at higher temperatures (about 1050 K and 1250 K) the D concentrations were below the sensitivity limit of NRA. In the W-1.1TiC samples exposed at these temperatures the D bulk concentrations were low ( 10 -5 at. fr.), although definitely higher compared to those in W-3.3TaC and pure polycrystalline W, and were not measured in the present experiments. The non-uniformity of the D retention in the lateral direction, which could arise due to the temperature variation across the specimen surface and non-homogeneity of the incident ion flux, was checked by measuring with 4.5 MeV 3 He ions at three different spots (centre and ±2 mm). In all samples exposed near 800 K the lateral distribution of trapped D was asymmetric with respect to the sample centre, pointing to the asymmetric lateral temperature distribution derived from IR thermography (see Fig. 2 ). Although in W-1.1TiC and pure polycrystalline W the variation was moderate (up to 1.3 times in W-1.1TiC and up to 1.5 times in pure W), in W-3.3TaC it was up to 8 times and could be due to a different lateral temperature distribution during the exposure in W-3.3TaC compared to those in W-1.1TiC and pure W (Fig. 2) . In the case of the samples exposed at higher temperatures the counting statistics of NRA was not sufficient to assess the lateral variations of D retention.
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The TDS spectra after the exposures at about 800 K are presented in Fig. 4 a. The spectrum from W-1.1TiC had a major release peak near 960 K and a shoulder near 1200 K, and had similar peak positions as spectra both after low-flux and D 2 gas exposures reported in Ref. [9] . Pure W showed a major release peak near 940 K and a small additional peak near 700 K, also similarly to the low-flux exposure case. At the same time, the spectrum of W-3.3TaC exhibited a peak near 830 K and a shoulder near 1000 K, whereas both after low-flux and D 2 gas exposures TDS spectra exhibited a major peak near 1000 K. This can be a consequence of a strongly non- The total D inventory after the exposure at about 800 K in W-1.1TiC was about 1.6 times higher compared to that in W-3.3TaC (Fig. 5) . The D retention in pure W was an order of magnitude lower compared to that in doped W materials under the same exposure conditions. The D retention measured by TDS was more than one order of magnitude higher compared to that 12 measured by NRA both in W-1.1TiC and W-3.3TaC, which can be due to the deep D diffusion beyond the analysis range of NRA. However, the laterally non-uniform distributions of trapped D (especially in W-3.3TaC) could also contribute to this difference.
The spectra for the W-1.1TiC samples exposed at about 1050 K and 1250 K both exhibited only a peak near 1200 K (Fig. 4 b) , and the total D inventory strongly decreased with increasing exposure temperature (Fig. 5) . In the case of W-3.3TaC and pure polycrystalline W exposed at All the samples exposed at about 800 K exhibited the formation of stepped flat-topped and irregularly-shaped structures with sharp edges and dimensions ranging from 100 nm to several 13 m (Fig. 6) . Such structures are typically referred in the literature as "protrusions" [22] [23] [24] . In addition, pure W samples demonstrated the presence of dome-shaped blister-like structures with approximately elliptic outlines and diameters up to 20 m, which are typically referred as "blisters" [22] [23] [24] . On W-1.1TiC and W-3.3TaC exposed at about 1050 K no blisters and protrusions were found, whereas pure W still demonstrated the presence of blisters and protrusions. Both doped and pure W did not exhibit the presence of blisters and protrusions after the exposure at about 1250 K. Furthermore, surface roughening on the length scale ranging from several tens of nm to several hundreds of nm was observed on all the samples, similarly to previously reported cases [23, 24] .
Discussion
The fact that at elevated temperatures the concentrations of trapped D in W-1.1TiC and W-3.3TaC were considerably higher compared to those in pure W indicates a much higher concentration of trapping sites with high binding energies in W-1.1TiC and W-3.3TaC compared to that in pure W. The carbide precipitates can serve as such high-energy trapping sites. Indeed, density functional theory (DFT) calculations of the H interaction with TiC precipitates in Fe indicated that H isotopes can be trapped both inside the precipitates and at their boundaries [25] . According to the diffusion-trapping theory of H retention in metals, at high temperatures the equilibrium fractional occupancy of a particular trapping site is a result of the competition between H trapping and detrapping processes. Consequently, at a given temperature it increases with increasing H binding energy to the trapping site and the local concentration of solute H [30] [31] [32] . During plasma exposure the local steady-state concentration of solute H is proportional to the non-reflected part of the incident ion flux, if the H release is not surface-limited. Thus, at a given temperature and incident ion energy, a higher incident ion flux leads to a higher equilibrium fractional occupancy of trapping sites [32] . In the present experiments the incident ion flux was more than three orders of magnitude higher compared to that in our previous lowflux experiments [9] , while the sample temperature (about 800 K) and the incident ion energy Under the high-flux exposure D was trapped in W-1.1TiC even at higher exposure temperatures (about 1050 K and 1250 K), while in W-3.3TaC (like in pure W) the retention was negligible. TDS spectra after the exposures at about 800 K show that W-1.1TiC had a hightemperature shoulder near 1200 K, while W-3.3TaC had a shoulder only near 1000 K, which indicates that W-1.1TiC has trapping sites with considerably higher binding energy compared to those in W-3.3TaC. Such differences may be related to the differences between the properties of the carbide precipitates in the materials, i.e. non-stoichiometry, activation energies for entering the precipitates, and binding energies with the defects inside the precipitates, as well as at their boundaries. Although the H isotope retention in TiC was studied extensively both experimentally [33] [34] [35] [36] and by DFT calculations [25, 27] , no data on H isotope behaviour is available for TaC.
The fact that blistering took place on both pure and doped W after the high-flux plasma exposure at about 800 K, while it was not observed after the low-flux exposure at the same temperature [9] , is not surprising since in W the threshold temperature for the disappearance of blistering typically increases with increasing ion flux [37] . The absence of blistering on W-1.1TiC and W-3.3TaC exposed at about 1050 K, in contrast to pure W, can be attributed to the grain boundary strengthening provided by the presence of carbide precipitates [3, 4] . Despite the formation of protrusions on W-1.1TiC and W-3.3TaC after the exposure at about 800 K, the trapping sites introduced during their creation seem to have only a minor influence on D retention, since in pure W blistering was observed as well, but the D was detectable only in a subsurface layer (≤ 1 µm) and the total D inventory in W was much lower compared to that in W-1.1TiC and W-3.3TaC exposed under similar conditions. Consequently, it can be suggested that at such high temperatures intrinsic trapping sites in the bulk determine the total trapped inventory. Overall, from the previously reported [5] [6] [7] [8] [9] and the present results it can be concluded that W-1.1TiC exhibits higher D retention than pure polycrystalline W in a wide range of investigated temperatures (573-1250 K), whereas W-3.3TaC has higher retention than pure W in a more narrow temperature range (573-800 K). Although it appears that their use in fusion devices is unfavourable from the point of view of H isotope retention, one should keep in mind that in ITER and next-step fusion devices 14 MeV neutrons will create radiation defects through the whole bulk of W plasma-facing components with a saturation concentration of about 1 at.% [32] . Thus, D retention in radiation defects can easily prevail that in the intrinsic bulk defects. However, W-1.1TiC and W-3.3TaC provide a high density of sinks (grain boundaries and carbide precipitates) for radiation defects [3, 4] . Consequently, the synergy of the presence of radiation damage and high-flux plasma exposure at high temperatures needs to be clarified for W-1.1TiC
Conclusions
and W-3.3TaC and compared with that for pure W in order to make a definite conclusion about the possible use of such materials in fusion reactors with respect to H isotope retention.
